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In recent years a number of new devices and sensors have become available in the electricity 
industry that perform continuous, online monitoring of key parameters or indicators of the 
condition of high voltage plant. “Online condition monitoring”, as it is termed, has the potential to 
generate significant impact in the areas of condition assessment and asset management strategies. 
However, these benefits will only be realised when systems are in place to manage the information 
returned by these devices and analysis can be performed to extract its meaning. This paper 
describes the steps required to effectively implement online condition monitoring, with particular 





Condition monitoring refers to the monitoring of key 
parameters or indicators of equipment condition in a 
high voltage electricity network. 
 
Condition monitoring has traditionally been done 
manually by the use of various diagnostic checks. 
Examples include the levels and types of dissolved 
gases in oil-filled equipment, gas pressure checks on 
gas-filled equipment, and timing or operating checks 
on mechanical equipment.  
 
In recent years a number of technologies have become 
available that enable continuous online condition 
monitoring, that is, continuous, in-service monitoring 





Online condition monitoring is generally achieved 
through the use of specialised sensors or devices. 
Although the technologies used in these sensors have 
been around for some time, the extent of their 
application to high voltage electricity equipment is 
relatively recent. 
 
With the current focus on online monitoring in the 
electricity industry, the market has been flooded with 
a plethora of online monitoring devices. These range 
from single-function monitors such as dissolved gas in 
oil and moisture in oil monitors, to more complex 
devices that monitor a range of parameters from plant 
such as tapchangers and circuit breakers. The number 
of devices available is continually growing, as new 
ones are regularly developed and marketed [1]. 
 
The range of online monitoring devices includes: 
• transformer dissolved gas and moisture in oil 
monitors; 
• transformer temperature monitors (including high 
accuracy optical fibre temperature sensors); 
• CT and bushing dielectric dissipation factor 
(DDF) monitors; 
• on load tapchanger monitors; 
• partial discharge monitors; 
• ancillary monitors such as oil level and oil flow 
meters for oil-filled transformers; and 
• monitors for other plant including circuit 
breakers, batteries and backup diesel generators. 
Additional information such as loadings and ambient 
temperature, etc can also be useful information for 
equipment monitoring. 
 
Some experience worldwide has been gained with 
online monitoring devices including gas in oil 
monitors, temperature monitors, DDF monitors, 
tapchanger monitors and moisture monitors, with 
several papers published on this experience [2, 3, 4, 
5]. Utilities have, in general, started to embrace these 
technologies to varying degrees, however it is 
recognised that substantially more field experience 
and analysis is required before the information from 
online monitoring devices can be broadly trusted. 
 
To date, the establishment of integrated systems to 
manage information from these devices has received 
little attention. As such, with the plethora of online 
monitoring devices that can be installed in a 
substation, maintenance staff will require a variety of 
monitoring software packages on their PC or laptop 
just to extract information from the devices. 
Recognising the shortcomings of this ‘piece-meal’ 
approach, TransGrid has developed an integrated 
online monitoring system that manages information 
from a wide range of these devices across an entire 
high voltage network. 
 
Additionally, in-depth analysis of data from online 
monitoring devices is yet to mature, with only a few 
instances of the application of various analysis 
techniques such as adaptive modelling [6]. The 
following sections describe TransGrid’s high-level 
approach to online monitoring and summarise some of 
the research currently being carried out by TransGrid 
and the University of Technology, Sydney. 
 
3. INFORMATION MANAGEMENT 
 
A number of years ago TransGrid recognised that 
there would be substantial growth in the area of online 
monitoring, driven by its potential to impact asset 
management and provide business benefits. At the 
time, research was carried out on effective systems to 
manage the information provided by online 
monitoring devices [7, 8]. 
 
A prototype system was developed that utilised a 
distributed database to store and trend online 
monitoring information over time, and a centralised 
web-based user interface to provide access to this 
data. The system was designed in keeping with a 
number of principles, to be: 
• integrated, that is, combining information from 
multiple devices across a number of substations 
into a common interface; 
• accessible, that is, available to a range of users in 
a variety of locations, without the need for 
manufacturers’ proprietary client software; 
• flexible, in terms of queries that can be performed 
and the format and detail of information returned; 
• secure, that is, not allowing changes to data or 
control of substation functionality; 
• reliable; 
• offers good performance, even with minimal 
infrastructure and regardless of the size of the 
system; and 
• expandable, to potentially encompass an entire 
high voltage network [8]. 
 
The system was installed on a prototype basis at 
several sites with online monitoring devices fitted to 
substation plant. 
 
Figure 1 shows an example of the output of the 
system, in this case for gas pressures in circuit 




Figure 1 - Example of results from the system 
 
The system is able to handle the following types of 
information: 
• analog quantities, such as DGA and moisture; 
• digital quantities, such as extended circuit breaker 
alarms; 
• records from protection relays, circuit breakers, 
tapchangers and battery tests; and 
• plain text information, such as flag information 
from modern protection relays. 
 
Even in its early stages the system has been able to 
provide a range of information on a variety of 
equipment, which has served a number of purposes. 
The main advantages TransGrid has found with this 
system are easy and flexible access to online 
monitoring data, and the ability to then use this data 
for automated analysis as required. 
 
4. ANALYSIS OF INFORMATION 
 
With a system in place to manage online monitoring 
data, analysis can be both easy and comprehensive and 
the need for human involvement can be reduced. This 
application of online monitoring is the topic of a 
current research project being carried out by 
TransGrid in conjunction with the University of 
Technology, Sydney. 
 
A number of analyses on online monitoring data are 
possible, but are subject to a few difficulties. Firstly, 
the accuracy of online monitoring devices is generally 
not as good as that attainable by traditional 
diagnostics. This poses some limitations on the 
accuracy of quantifying key equipment indicators via 
online monitoring. (In some instances there are 
exceptions to this generalisation, in which online 
monitoring can provide potentially greater accuracy of 
readings than traditional methods.) 
 
Secondly, online monitoring information is often less 
comprehensive than that obtained by traditional 
diagnostics, being a subset of the condition 
information that may be available through traditional 
means. 
 
This factor gives rise to the third difficulty, which is 
the accurate correlation of readings from online 
monitoring devices with specific plant conditions, due 
to the potentially wide range of reasons for a particular 
trend or pattern being evident in online monitoring 
results, more so than with traditional monitoring. 
 
The purpose of the research project is to determine the 
analysis that can effectively be carried out based on 
online monitoring information, and implement some 
of this analysis as an extension of TransGrid’s existing 
prototype information system. 
 
4.1 A methodology 
 
To provide some direction to the research, a 
methodology to approach the topic was adopted. One 
type of substation plant, power transformers, was 
selected as the initial subject of the research. 
 
The methodology adopted was: 
1. Model the high voltage equipment under 
consideration. These will initially be a descriptive 
model, and due to equipment complexity requires 
some degree of simplification (and consideration 
of accuracy) to translate into a mathematical 
model. 
2. Identify all possible failure modes of the 
equipment under consideration, and also known 
indicators of fatigue, failure or degradation. Also 
determine diagnostics or monitored quantities that 
can track these indicators. 
3. Review known online monitoring sensors, they 
quantities they are able to monitor, the place of 
these quantities in the model and their fit with the 
indicators determined above. 
4. Determine quantitative and qualitative rules that 
can be used to determine condition or other useful 
information based on indicators and online 
monitoring data. 
5. Implement these rules, review their performance 
and consider further analysis that may be 
possible. 
 
For the purposes of the research, only a few indicators 
and failure modes were selected for application of this 
methodology. 
 
4.2 Initial analyses 
 
There are a number of types of fairly simple and 
straightforward analysis that can be done on online 
data, which may subsequently lead to more complex 
analysis. These include: 
• analysis of dissolved gas results and variations, 
even on monitors that detect a weighted sum of 
gases; 
• transformer loss of life and overload in real-time; 
• calculation of moisture in oil and moisture in 
paper at times when transformers are close to 
equilibrium of temperature and load [9]; 
• comparison of online condition monitoring results 
with offline results obtained via traditional 
methods; 
• compensation of oil level for oil temperature; 
• transformer temperature rise above ambient; and 
• comparison of results from like transformers 
(transformers that are supplied under the same 
contract or from the same factory that are of 
similar design). 
 
These analyses focus mainly on the oil/paper 
insulation systems of the transformer. 
 
4.2.1 Dissolved gas analysis 
 
Monitors are available that measure the level of 
dissolved gases in transformer oil. This is significant 
because the level, ratios and types of gases that are 
generated in the oil are indicative of various internal 
conditions of the transformer. 
 
Some monitors on the market measure single gases, 
such as hydrogen, for which significant features may 
include the absolute value of the gas reading, changes 
over periods of time, and its immediate rate of change.  
 
However, other monitors on the market monitor a 
weighted sum of key gases. For example, one 
commonly available sensor provides a reading which 
is a sum of the following: 
  100% of H2 dissolved in oil 
 + 18% of CO dissolved in oil (±3%) 
 + 8% of C2H2 dissolved in oil (±2%) 
 + 1.5% of C2H4 dissolved in oil (±0.4%) 
with overall accuracy of ±10% ±25ppm [10]. 
 
Thus the reading of the monitor may indicate a 
number of different scenarios, because it is not 
possible to determine from the reading which gases 
are contributing and in which proportions. 
 
Further, because each of the gases indicate a different 
condition within the transformer, an attempt to 
determine the transformer’s condition from online 
results alone is potentially difficult. 
 
The usual response to a rising online dissolved gas 
trend would be to arrange for a traditional oil sample 
and analysis to be carried out. However, there is some 
analysis that can be performed on the online 
information alone. This is based on a number of 
assumptions, which in most practical situations are 
reasonable, and is briefly described here. 
 
Acetylene and ethylene (C2H2 and C2H4) indicate 
substantial arcing or hot spots respectively in a 
transformer, and in normal operation should not be 
present at all or at most in very small quantities. 
Because the monitor is very insensitive to these gases, 
they will have a very small contribution to the 
weighted sum. In most cases this will hold even in the 
case of an internal fault in the transformer, as even the 
levels of these gases associated with a serious fault 
would be insignificant compared to the weightings of 
the other gases in the reading. 
 
Of the remaining gases, hydrogen and carbon 
monoxide (H2 and CO), the absolute value of the 
weighted sum is only useful in new transformers 
where gas levels are low. In these cases it is 
sufficiently reliable to accept the sensor’s reading as 
the maximum possible quantities of these gases (from 
field experience), and this provides information on 
how low the levels of these gases must therefore be in 
the transformer, which can be quite useful. 
 
It is likely that in any immediate increases of total 
gases in the transformer, only one gas will be 
predominately generated at any one time, with the 
possibility of secondary gases accompanying it in 
smaller quantities. This is because each gas detected 
by the sensor is due to a different type of fault. Thus it 
is possible to short-term changes in gas level to one of 
two types of faults: partial discharge (which generates 
H2) or fast ageing of the paper insulation (which 
generates CO). This can be further investigated by 
traditional diagnostics. 
 
Online monitoring data, taken together with known 
theory on equipment behaviour, can be used to narrow 
down information on a transformer’s condition to a 
few possible causes. This is one of the desired 
outcomes of analysis on online monitoring data.  
 
4.2.2 Transformer loss of life & overload 
 
According to the standard IEC354, it is possible to 
calculate the relative ageing of the transformer from 
temperature and load information over time. 
 
When transformers are designed, manufacturers 
provide an estimate of the life of the transformer based 
on constant operation at a particular temperature 
(usually 98°C) [11]. According to the standard, 
operation at higher temperatures will decrease the 
expected life of the transformer and at lower 
temperatures will increase the expected life of the 
transformer (halve or double the expected life for 
every 6°C difference). 
 
The standard also provides a means of calculating the 
relative “used life” of the transformer, which can be 
calculated based on actual temperatures where online 
monitoring is provided. It is also possible to calculate 
the length of time an operator can safely run the 
transformer into overload for, based on the thermal 
characteristics of the transformer as measured at time 
of manufacture. 
 
While overload calculations have traditionally been 
done as a table of figures calculated from ambient 
conditions and loadings, online monitoring also 
enables overload capability to be calculated based on 
real-time temperature and loading information. This 
provides a truer indication of the transformer’s 
capabilities than is otherwise possible, and can be 
used to assist operators in their decision making in 
real-time. 
 
4.2.3 Active moisture in oil and paper 
 
Moisture can cause a number of problems within the 
transformer dielectric (oil & paper) system. These 
include: 
• the presence of free water which reduces the 
dielectric strength of insulating oil and at worst 
case can lead to electrical breakdown; 
• dissolved water in oil, which also reduces 
dielectric strength; 
• dissolved water in paper, which significantly 
increases the ageing rate; and 
• some water dissolved in pressboard and blocks 
used in transformer construction [12]. 
 
All of the above presences of water have a component 
of ‘active’ moisture. This term refers to the amount of 
moisture that is available for transfer between the oil, 
paper, pressboard and blocks at any given time (there 
is some level of moisture in the components of any 
transformer that will not transfer). 
 
The level of moisture in the insulation system can 
have an impact on the ability of the transformer to 
handle high temperatures and loads. 
 
When transformer temperature and loadings are 
steady, the active moisture in the paper insulation on 
the windings and in the oil will move towards 
equilibrium. However, this process has a time constant 
which can vary from a few hours to several weeks, 
and the moisture transfer will never practically reach 
equilibrium [9]. For this reason it is very difficult to 
obtain an accurate reading of moisture in oil and 
subsequently calculate moisture in paper. 
Online monitoring can be used to improve the 
accuracy of these readings, by monitoring the required 
quantities simultaneously and performing calculations 
to determine when the moisture transfer between oil 
and paper is closest to equilibrium. It also provides a 
moisture and temperature history of the transformer, 
which can be taken into account for greater accuracy 
in these calculations. It also reduces the inaccuracies 
that can arise in traditional oil sampling and testing for 
moisture. 
 
Due to the difficulty in accurate measurement of 
moisture using traditional means, and the contribution 
of moisture in oil to several types of faults and 
transformer failures, online moisture monitors and the 
analysis that can be performed on their data, taken 
together with other monitored data, can provide useful 
information on this aspect of a transformer’s 
condition. 
 
4.2.4 Offline results 
 
Offline or traditional condition monitoring results are 
useful due to the greater level of information they 
provide, which can also be useful in interpreting 
online monitoring trends. Offline results can be 
integrated into the same system as is used for 
managing online monitoring data and as well as being 
subject to the same analysis as online results, the 
greater level of information provided by offline results 
can be used to interpret online results (such as oil 
analysis for dissolved gases). 
 
4.2.5 Oil level vs oil temperature 
 
It is known that oil level in a transformer or reactor 
undergoes the similar changes to oil temperature as 
the oil expands and contracts with heat. It is possible 
to determine an algorithm that will correlate oil level 
with oil temperature, and can be used to track slow oil 
leaks over time (which would otherwise be difficult 
with the usual variations in oil level through the 
course of a day and loading peaks). 
 
4.2.6 Transformer temperature rise 
 
The transformer temperature rise is a simple 
subtraction of ambient temperature from transformer 
oil or winding temperature, which gives a temperature 
differential between the tank of the transformer and 
the hottest oil or winding. While it is a simple 
quantity, it can provide some valuable information on 
the thermal dynamics of the transformer. 
 
4.2.7 Comparison of results from like 
transformers 
 
One of the methods used to determine equipment 
condition is to compare results for like (or “brother”) 
equipment within an electricity network. This can be 
done by simple comparison of absolute values (such 
as dissolved gas levels), or more complex statistical 
analysis using methods such as standard deviations. 
 
While this can be done manually from traditional 
results, it is also possible to undertake this analysis 
automatically using online results. This means that 
comparisons can be performed regularly and 
discrepancies noted automatically, for further 
investigation. 
 
In this analysis, there are a number of external factors 
that must also be taken into account including system 
conditions at different sites on the network, and a 
history of events (such as through faults) that will 




The above analyses, based on online monitoring data 
and incorporating other information as it becomes 
available, can be used to provide information on high 
voltage equipment that is valuable for its use and 
management. Because online monitoring is 
continuous, it is more likely to pick up serious 
problems before traditional diagnostics (which are 
carried out at regular intervals), and can be used to 
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